Interactions between neoplastic and stromal cells contribute to tumor progression. Wnt genes, involved in cell migration and often deregulated in cancers, are attractive candidates to regulate these effects. We have recently shown that coculture of breast cancer cells with macrophages enhances invasiveness via matrix metalloproteases and TNF-␣. Here we demonstrate that coculture of MCF-7 cells and macrophages leads to up-regulation of Wnt 5a in the latter. This was accompanied by activation of AP-1͞c-Jun in MCF-7. Recombinant Wnt 5a mimicked the coculture effect. Wnt 5a was also detectable in tumor-associated macrophages in primary breast cancers. Experiments with agonists and antagonists of Wnt signaling revealed that a functional canonical pathway in the tumor cells was a necessary prerequisite; however, noncanonical signaling via Wnt 5a and the Jun-N-terminal kinase pathway was critical for invasiveness. It was also responsible for induction of matrix metalloprotease-7, known to release TNF-␣. All these effects could be antagonized by dickkopf-1. Our results indicate that Wnt 5a is essential for macrophage-induced invasiveness, because it regulates tumor cell migration as well as proteolytic activity of the macrophages. The function of Wnt 5a as either a suppressor or promoter of malignant progression seems to be modulated by intercellular interactions. Wnt 5a detection in tumor-associated macrophages in breast cancer biopsies supports the assumption that similar events play a role in vivo.
G enes of the Wnt family play a critical role in cellular proliferation, migration, and tissue patterning during embryonic development (1) . Wnts bind to G-protein-coupled receptors of the Frizzled (Fz) and low-density lipoprotein receptor-related protein (LRP) family and activate multiple signaling pathways. The canonical pathway leads via the disheveled proteins to ␤-catenin. In benign cells, most of the ␤-catenin molecules are transcriptionally inactive and localized at the plasma membrane where they link E-cadherin to the actin cytoskeleton via ␣-catenin. Additionally, ␤-catenin is inactivated by a multimolecular complex containing the adenomatous polyposis coli protein, axin, and glycogen synthase kinase-3␤ (GSK-3␤). Serine͞threonine phosphorylation of ␤-catenin by GSK-3␤ results in its ubiquitination and proteolysis. Canonical Wnt signaling inhibits ␤-catenin degradation by inactivation of GSK-3␤. Hypophosphorylated ␤-catenin then translocates to the nucleus, where it binds to transcription factors of the T cell factor͞lymphocyte enhancer factor (TCF͞LEF) family and initiates transcription of target genes, such as c-myc, cyclin D1, and the matrix metalloprotease (MMP) matrilysin (mmp -7) .
Physiological Wnt inhibitors are the secreted Fz-related proteins (sFRP), Wnt inhibitory factor, and the members of the dickkopf (DKK) family. DKK-1 binds to the coreceptors LRP 5͞6, thereby preventing the Wnt-induced Fz-LRP5͞6 complex formation and disrupting canonical signaling (2, 3) . Recent evidence demonstrates that DKK-1 is also able to antagonize ␤-catenin-independent noncanonical signaling (4, 5) .
The noncanonical Wnt͞Ca 2ϩ pathway is triggered by Wnt 4, Wnt 5a, and Wnt 11. It induces intracellular Ca release and activation of PKC and is involved in an antagonistic crosstalk with the canonical pathway (6, 7) . Other noncanonical Wnt signals activate small Rho-GTPases and regulate cytoskeletal architecture and cellular polarity. Downstream events are formation of complexes between specific domains of disheveled and either Rho or Rac, the latter leading to activation of Jun-N-terminal kinase (JNK) (8, 9, 10) .
Wnt signaling has been implicated in malignant transformation and tumor progression. Wnts are overexpressed in a variety of cancers, their expression correlating with the transition from normal tissue to progressive malignancy (11) (12) (13) . Secretion of the antagonists DKK-1, Wnt inhibitory factor, and the sFRPs is often down-regulated (14) (15) (16) . Many cancer cells show accumulation and nuclear localization of ␤-catenin (17) due to impaired degradation (18, 19) . ␤-Catenin translocation was demonstrated especially at the invasive frontier between tumor and surrounding tissue, suggesting that malignant and stromal cells interact in some way to regulate ␤-catenin activation (20, 21) .
In contrast to the highly transforming Wnts 1, 3a, and 7a (22), Wnt 5a has been considered mainly a tumor suppressor. It promotes GSK-3␤-independent ␤-catenin degradation (23) and enhances cell-cell adhesion on collagen matrices (24) . Metastatic neuroblasts in a xenograft model displayed lower Wnt 5a expression than the primary neuroblastoma cells (25) . In a retrospective analysis of breast cancers, immunohistochemical Wnt 5a detection was inversely correlated with metastasis formation and survival (26) . On the other hand, Wnt 5a was found to be overexpressed in a variety of cancers in comparison to the respective benign tissues (11, 27) . Wnt 5a expression was one of the most robust markers for aggressive behavior of cutaneous melanomas (28) , where it was present predominantly in actively invasive cells. Artificial overexpression resulted in increased invasiveness via PKC activation (29) . These apparently contradictory findings suggest that the function of Wnt 5a is modified by additional regulators. Interestingly, overexpression of Wnt 5a has been demonstrated not only in tumor cells, but also in the tumor stroma, especially in tumor-associated macrophages (TAM) (13) .
There is growing evidence that interactions between tumor cells and the stromal compartment are crucial for malignant progression. TAM play an ambiguous role in this context. Although macrophages (M) in general are known for their tumoricidal capacity, many authors have demonstrated a tumor-promoting effect (30) . High numbers of infiltrating TAM are correlated with poor clinical outcome in breast cancers (31) . Metastatic disease occurs less frequently in breast-cancer-bearing mice with defective M recruitment than in their intact counterparts (32) . We have recently shown that coculture of weakly invasive breast cancer cells with M significantly enhances invasiveness of the tumor cells in a TNF-␣dependent way due to up-regulation of MMP-2, -3, -7, and -9 in the M (33) . MMP-7 is known to release active TNF-␣ from its membrane-bound proform (34) . It also represents one of the target genes of Wnt signaling.
Based on these findings, we hypothesized that Wnt genes might be involved in the regulation of M-induced tumor cell invasion. To further clarify this question, the influence of the coculture on the expression of Wnt family genes as well as on the production of MMPs and TNF-␣ was investigated in breast cancer cell lines and M. Using agonists and antagonists of both canonical and noncanonical Wnt signaling, we tried to identify the responsible signaling pathways. Immunohistochemistry of malignant breast lesions served to assess the biological significance of the obtained results.
Results

DKK-1 Inhibits Coculture-Induced Invasiveness Without Influencing
Cellular Viability. Recently, we have shown that coculture of weakly invasive breast cancer cells with M leads to enhanced invasiveness of the malignant cells. To clarify whether Wnt signals are involved in M-induced invasion, the effect of the Wnt inhibitor DKK-1 on the coculture was investigated. MCF-7 cells were cocultivated with M in a modified Boyden chamber. Recombinant DKK-1 down-regulated the M-induced invasiveness of MCF-7 in a dose-dependent manner (Fig. 1A) . The inhibition was maximal at 50 ng͞ml and could not be further increased by higher concentrations. A similar although weaker effect was found with the cell line SK-BR-3 ( Table 2 , which is published as supporting information on the PNAS web site). Because DKK-1 is able to antagonize proliferation and sensitize cells to proapoptotic stimuli, we studied the influence of DKK-1 on cellular viability through measurement of [ 3 H]thymidine incorporation as well as 2,3-diphenyl-5-methyltetrazolium chloride conversion. DKK-1-mediated decreased invasion was not due to an inhibitory effect on either proliferation or mitochondrial metabolism ( Table 3 , which is published as supporting information on the PNAS web site).
Although Not Activated by Coculture, a Functional Canonical Pathway
in the Tumor Cells Is a Prerequisite for Induced Invasiveness. Because DKK-1 is known predominantly as an inhibitor of the canonical Wnt signaling pathway, we asked whether coculture-induced invasiveness requires TCF͞LEF transcriptional activity in the tumor cells. Two dominant-negative LEF constructs as well as empty control vectors were transiently transfected into MCF-7 cells. Overexpression of LEF-1-⌬␤Cat reduced coculture-induced invasiveness by Ͼ50%. LEF-1-⌬HMG was also effective, although to a lesser extent ( Fig. 1B) .
We then evaluated whether ␤-catenin-dependent signaling was activated by the coculture. In MCF-7, ␤-catenin was found predominantly in its signaling-inactive form at the plasma membrane with only weak cytoplasmic and nuclear staining. Coculture with M did not alter its subcellular localization ( Fig. 2 a and b) . There was no influence of coculture on the cellular ␤-catenin content regarding either the total amount or the levels of unphosphorylated ␤-catenin ( Fig. 8 , which is published as supporting information on the PNAS web site). Equally, DKK-1 treatment did not affect these levels. The content of cellular E-cadherin, known to be complexed with ␤-catenin at the plasma membrane, remained stable under both conditions. Wnt 5a Is Up-Regulated in Macrophages upon Coculture. We then investigated the expression pattern of members of the Wnt family in MCF-7 as well as in M under control and coculture conditions ( Table 1 ; also see Table 4 , which is published as supporting information on the PNAS web site). Both cell types expressed mRNAs of various Wnt ligands, receptors, downstream signaling molecules, and target genes. Although most of them were not influenced by coculture, mRNA of the noncanonical ligand Wnt 5a in M was detectable only after cocultivation with MCF-7 ( Fig. 9 , which is published as supporting information on the PNAS web site). This could be confirmed also on the protein level ( Fig. 3 a and b). Wnt 5a protein staining in MCF-7 cells was only weak. 
Wnt 5a Is Expressed in Tumor-Associated Macrophages in Breast
Cancer Tissues and Lymph Node Metastases. Next, we asked whether coculture-induced up-regulation of Wnt 5a in M is restricted to the in vitro model or is reproducible also in malignant breast lesions. Thirty-two tissue samples (see Materials and Methods) were stained with antibodies against Wnt 5a and CD68 as a marker for TAM ( Fig. 3 c-f ). In 10 of 17 ductal invasive cancers, the tumor tissue was Wnt 5a-negative or weakly positive; seven were positive or strongly positive. In the 10 cases where primary tumors and matching lymph node metastases were available, Wnt 5a expression of the tumor cells themselves was comparable. Tumors and lymph nodes contained variable amounts of CD68-positive cells with M-like morphology. Wnt 5a was detectable in some of these cells, their percentage varying between 5% and 15% in the different samples. Wnt 5a-positive M could be detected especially at the invasive front of lymph node metastases. Immunofluorescence double staining confirmed the colocalization of Wnt 5a and CD68 signals ( Fig. 3 g-i) and demonstrated that some but not all of the TAM expressed Wnt 5a. Only one of the five ductal carcinomas in situ contained CD68-positive cells as well as very few isolated Wnt 5a-positive M. In the other four, no M were detectable.
Noncanonical Signaling via Macrophage-Derived Wnt 5a Is Critical for
Coculture-Induced Invasiveness. Because Wnt 5a was up-regulated in M upon coculture with MCF-7 cells, we asked whether addition of Wnt 5a alone would be sufficient to elicit a similar increase in invasion. MCF-7 cells were subjected to microinvasion assays containing recombinant Wnt 5a (rWnt 5a) instead of M. Invasiveness was enhanced by rWnt 5a in a dose-dependent manner ( Fig. 4A and Fig. 10 , which is published as supporting information on the PNAS web site). Addition of 100 ng͞ml recombinant ligand increased invasiveness in a comparable way, as did the coculture. Wnt 5a-enhanced invasiveness was inhibited by DKK-1, whereas sFRP-1, which is known to block signaling of many Wnt ligands except Wnt 5a (35), had no effect. Similar results were achieved with the cell line SK-BR3 (Table 2) .
To further specify the role of noncanonical Wnt 5a signaling, microinvasion assays with addition of the GSK-3␤ inhibitor lithium chloride LiCl were performed. LiCl effectively activated the canonical pathway, as demonstrated by translocation of ␤-catenin from the cell membrane to the cytoplasm and the nucleus (Fig. 2c ). It also induced invasion when given alone and enhanced the function of Wnt 5a when applied together (Fig.  4B ). The additive effect of LiCl and Wnt 5a on invasiveness was reduced to the levels induced by LiCl alone by addition of DKK-1. Acting upstream from GSK-3␤, DKK-1 is unable to antagonize LiCl-triggered ␤-catenin signaling. This indicates, that DKK-1 inhibits only the Wnt 5a-part of induced invasion and functions as an inhibitor of noncanonical Wnt signaling.
Wnt 5a has also been described to inhibit the canonical pathway. ␤-Catenin signaling was therefore measured via luciferase activity of the SuperTOP-vector, containing multiple TCF͞LEF-binding sites. rWnt 5a neither activated nor inhibited canonical signaling, whereas the positive controls LiCl and Wnt 8 resulted in strong activation ( Fig. 5A ; for results of the negative control vector SuperFOP, see Table 5 , which is published as supporting information on the PNAS web site).
We then focused on the JNK͞c-Jun pathway. As shown in Fig.  5B , AP1-promotor activity in MCF-7 cells increased dramatically after addition of rWnt 5a, which was again antagonized by DKK-1. Equally, c-Jun was rapidly phosphorylated at Ser-63 in response to rWnt 5a ( Fig. 11 , which is published as supporting information on the PNAS web site). Corresponding results were achieved in the coculture, where the low constitutive DNA binding activity of c-Jun in MCF-7 cells was up-regulated 5-fold by exposure to M (Fig. 12 , which is published as supporting information on the PNAS web site). Wnt 5 a-induced invasiveness was completely abrogated by addition of the JNK-inhibitor 1, whereas the control peptide had no effect (Fig. 5C ).
Wnt 5a has been shown to enhance invasiveness via PKC activation. However, neither the amount of the total protein nor that of the phosphorylated form was influenced by addition of rWnt 5a (Fig. 13 , which is published as supporting information on the PNAS web site). 
Wnt 5a Triggers Production of MMP-7 and TNF-␣ by Macrophages.
As we have shown earlier, coculture-induced enhanced invasiveness relies on up-regulated proteolysis by the M-derived gelatinases MMP-2 and -9 and the caseinases MMP-3 and -7. Induction of MMP-2 and -9, as well as invasiveness, is TNF-␣-dependent.
To determine whether inhibition with DKK-1 would interfere with the coculture-triggered MMP induction, we assessed MMP levels by gelatin and casein zymography. Although DKK-1 abolished invasiveness of the tumor cells almost completely, it had no influence on the coculture-induced increased production and secretion of either the gelatinases MMP-2 and -9 ( Fig. 14, which is published as supporting information on the PNAS web site) or the caseinase MMP-3 by M (Fig. 6 ). In contrast, production of MMP-7, known as a target of Wnt signaling, was down-regulated by DKK-1. Similar to the coculture, MMP-7 in M was induced by addition of rWnt 5a (Fig. 7A) . The effect was blocked by DKK-1 as well as by the JNK-inhibitor 1.
In parallel to the levels of the TNF-␣-shedding protease MMP-7, the concentration of TNF-␣ in the supernatants was increased by coculture as well as by rWnt 5a. The effect was antagonized by addition of DKK-1 (Fig. 7B ).
Discussion
Macrophages play an ambiguous role in cancers. Although generally known for their tumoricidal capacity, there is growing evidence that regulatory networks within tumor tissues redirect their function into a tumor-promoting activity. We have recently shown that cocultivation with M increases invasiveness of weakly invasive breast cancer cells (33) . The aim of this study was to investigate whether Wnt signaling is involved in this effect.
We found that the physiological Wnt inhibitor DKK-1 completely blocked M-induced invasiveness. DKKs, especially DKK-1 and -3, have been implicated in tumorigenesis. Although most authors focused on down-regulation of DKK expression in various cancer models and tissues (5, 14, 36, 37) , the role of DKKs for invasion has scarcely been investigated. Hoang et al. (38) described an inhibitory effect of DKK-3 on invasion and motility of osteosarcoma cells.
The obvious assumption that canonical Wnt signaling would be responsible for the coculture effect could not be confirmed. ␤-Catenin signaling in the investigated cell lines, which do not show constitutive ␤-catenin overexpression, was not activated by coculture. A functional canonical pathway was nevertheless necessary, because inhibition of TCF͞LEF transcriptional activity via dominant negative LEF-1 antagonized induced invasion. Thus, canonical signaling in the tumor cells seems to play a permissive but not an active role for M-mediated invasiveness.
The only Wnt gene clearly induced by coculture was the noncanonical ligand Wnt 5a. Demonstrating the functional impact of Wnt 5a expression in M, incubation of the breast cancer cells with recombinant Wnt 5a alone was sufficient to mimic the coculture effect. As in the coculture experiments, Wnt 5a-induced invasiveness was antagonized by DKK-1. Secreted FRP-1, which neutralizes the major Wnt ligands except Wnt 5a (35) , had no effect. This shows that M-derived Wnt 5a is a critical signal for induced invasion and argues against involvement of other circulating Wnt ligands. It also demonstrates that DKK-1 is able to antagonize noncanonical signaling. That DKK-1 completely blocks the Wnt 5a-mediated part of the additive effect of LiCl and Wnt 5a on invasion underlines this finding.
Recent reports describe decreased migration of epithelial (cancer) cells on collagen upon exposure to relatively high concentrations of Wnt 5a and synthetic peptide derivatives (39) . However, Wnt 5a can also act as an antagonist of canonical signaling (6) . Although in our experiments there was no negative influence, higher concentrations of Wnt 5a could have interfered with the ␤-catenin pathway, thus inhibiting invasion.
As we have shown here and earlier (40) , AP-1 promoter activity, c-Jun Ser 63 phosphorylation, and DNA-binding activity of c-Jun in the tumor cells were increased by coculture and rWnt 5a. Inhibition of JNK abolished coculture-and Wnt 5a-induced invasiveness, providing further evidence of ␤-catenin-independent signaling. Our observation that activation of the JNK͞c-Jun pathway and a functional canonical pathway are both needed for these effects is compatible with recent findings of Nateri et al. (41) . They described that signaling via the TCF͞␤-catenin and the JNK pathway cooperates via phosphorylation-dependent interaction between c-jun and TCF4.
Although Wnt 5a has been considered predominantly a tumor suppressor (25, 26, 42) , there is evidence that it may also enhance malignant cell motility and foster tumor progression. Wnt 5a expression was associated with invasive behavior in cutaneous melanomas, being detectable predominantly in actually invasive cells (29) . In contrast to our model, invasive signaling in melanoma cells was mediated via PKC activation.
The association of Wnt 5a with invasion in melanomas corresponds to our findings in human breast cancers. Some of the tumors stained positive and some negative for Wnt 5a, as described by others (26) . However, in all of them a certain amount of the markedly varying number of TAM expressed Wnt 5a. Interestingly, Wnt 5a-positive TAMs could be found especially at the invasive front of lymph node metastases. It is tempting to speculate on why some of the TAM produce Wnt 5a and others do not. Wnt 5a expression may be involved in the still-unclear transition from tumoricidal to tumor-promoting TAM and reflect the activity of the regulatory network between tumor cells and the stromal compartment. Earlier studies did not focus on stromal cells. This may explain that Wnt 5a expression has been described to be associated with prolonged survival on the one hand and with invasion on the other.
Because M-induced invasiveness depends on MMP upregulation, we were interested in whether there would be any crosslinks between the proteolytic pathway and the migratory signaling through Wnts. TNF-␣ is part of both mechanisms and, as we have shown earlier, is indispensable for induced invasiveness. DKK-1 inhibits coculture-and Wnt 5a-mediated induction of MMP-7 as well as production of TNF-␣ in M. This suggests that MMP-7, known as one of the shedding proteases of TNF-␣, is not only a target of canonical Wnt signaling. Le Floch et al. (43) have recently shown that the mmp-7 promoter contains an AP-1responsive element and is inducible also by noncanonical Wnt signals. Thus, it is attractive to hypothesize that coculture leads to up-regulation of M-Wnt 5a, which, in turn, induces MMP-7. MMP-7 then releases TNF-␣, which is followed by induction of MMP-2 and -9 and further activation of the proteolytic cascade. That MMP-2 and -9 production was not inhibited by DKK-1 does not contradict this hypothesis. The release of TNF-␣ was only partially antagonized by DKK-1, presumably leaving sufficient levels to induce these abundantly produced MMPs. Their upregulation, however, was not able to trigger enhanced invasiveness, because the Wnt-governed migratory capacity of the tumor cells was impaired at the same time.
Taken together, both canonical and noncanonical Wnt signaling are required for M-induced invasiveness. Canonical Wnt signaling does not play an active role in the coculture effect. However, it is a necessary prerequisite for the tumor cells to respond to the M-derived Wnt 5a. Noncanonical Wnt 5a is the critical signal for coculture-induced invasiveness. Via release of TNF-␣, Wnt 5ainduced MMP-7 seems to link the migration-regulating Wnt pathway with the proteolytic cascade, both mechanisms being equally indispensable for successful invasion. Our data suggest that the function of Wnt 5a either as a suppressor or as a promoter of malignant progression is determined not only by intracellular conditions but also by intercellular interactions among different cell types. The observation of Wnt 5a-expressing TAM in breast cancer tissues supports the assumption that similar events play a role in human breast cancer progression.
Materials and Methods
Cells and Tissues. Human breast cancer cell lines (American Type Culture Collection) were grown on RPMI medium 1640 plus 10% FCS, depleted of gelatinase-type MMPs. Human M were derived from peripheral blood mononuclear cells, as described (33) . NIH 3T3 cells stably transfected with a plasmid containing murine wnt 5a as well as LacZ-negative controls were kindly provided by M. Kuehl (University of Ulm, Ulm, Germany). Tissues were obtained from 22 consecutive patients of the University Hospital of Göttingen with the following diagnoses: ductal invasive breast cancer (7 primary tumors, node negative; 10 primary tumors and 10 matching lymph node metastases; and 5 ductal carcinomas in situ). Microinvasion Assay. Invasion was measured in a modified Boyden chamber, where the tumor cells are cocultivated with M without direct cell-cell contact. The detailed procedure has been described (33) . The following Wnt agonists and antagonists were added: LiCl (3 mM) and rWnt-5a (R & D Systems), rDKK-1 (R & D Systems), JNK-inhibitor 1 and control peptide (Alexis, Grünberg, Germany; 1 M), and sFRP-1 (R & D Systems; 400 ng͞ml). Comparative experiments were performed with Wnt 5a-conditioned medium obtained from Wnt 5a-overexpressing NIH 3T3 fibroblasts (see above). They yielded the same results, thus demonstrating the functional activity of the recombinant protein (see Fig. 15 , which is published as supporting information on the PNAS web site).
RNA Extraction, RT-PCR, and cDNA Arrays. Total RNA was extracted with the RNeasy kit (Qiagen, Hilden, Germany). Reverse transcription was performed from 2 g of total RNA by using oligo(dT) primers and M-MLV reverse transcriptase (Roche Diagnostics, Mannheim, Germany). Primers for Wnt 7b were: 5Ј-GTTACG-GCATCGACTTCTCC, 3Ј-GTCCTCCTCGCAGTAGTTGG, primers for Wnt 2 (44) , Wnt 3, Fz 6, LRP 6, DKK-1 (45) , Wnt 5a, Wnt 10b, Wnt 13, Fz 2 (46), ␤-Catenin, Cyclin D1, c-myc, MMP 7, c-jun (47) , and LRP-5 (48) . Quantitative RT-PCR for Wnt 5a was performed on the Applied Biosystems 7900HT system using the TaqMan hWnt 5a and ␤ 2 -microglobulin kits (Applied Biosystems).
For microarray studies, 7 g of total RNA was labeled with the Superarray GEArray-RT-Labeling Kit (SuperArray Bioscience, Frederick, MD) according to the chemiluminescent detection protocol. Hybridization was carried out on the GEArray Q Series Human Wnt Signaling Pathway Microarray (HS-043; SuperArray Bioscience). Chemiluminescence detection on Hyperfilm (Amersham Pharmacia Biosciences) was performed with the Superarray Chemoluminescence Detection kit.
Constructs, Transfections, and Reporter Assays. MCF-7 cells were seeded at a density of 10 5 ͞ml into six-well dishes. After 12 h, the cells were transfected by using the CalPhos Mammalian transfection kit (BD Biosciences, Franklin Lakes, NJ) with 4 g of the pBAT plasmid, containing either dominant negative LEF-1 [LEF-1-⌬␤Cat, lacking the ␤-catenin-binding site; LEF-1-⌬HMG, lacking the DNA-binding site (49) ] or the empty control vector. To monitor ␤-catenin-dependent signaling and AP-1 activation, luciferase reporter assays were performed. Either 0.5 g of the Super-TOP vector (50) , containing multiple TCF͞LEF-binding sites, or its negative control vector SuperFOP were cotransfected by using the MATra reagent (IBA, Göttingen, Germany) with pCMV-␤gal to monitor for transfection efficiency. After 48 h, cells were harvested and luciferase activity was measured by using a luciferase assay kit (Promega) and normalized to ␤-galactosidase activity. The pAP1-Luc (BD Clontech) reporter assays were carried out as described (40) . For all experiments, three independent transfections were performed.
ELISAs, Proliferation, and Viability Assays. TNF-␣ and MMP-7 concentrations were determined by using commercial ELISA kits (R & D Systems). c-Jun phosphorylation was assessed with the Phospho-c-Jun (Ser-63) Sandwich ELISA (Cell Signaling Technology, Beverly, MA). Proliferation was analyzed by using [6-3 H]thymidine incorporation (Amersham Pharmacia Biosciences), viability by measurement of 2,3-diphenyl-5-methyltetrazolium chloride conversion according to standard procedures. c-Jun-Binding Assay. Nuclear extracts from MCF-7 cells were prepared as described (40) . After measurement of protein concentration (BCA assay; Pierce), the nuclear fractions were used to determine DNA binding of c-Jun with the Mercury TransFactor c-Jun kit (BD Biosciences).
Western Blot and Immunocytohistochemistry. Cells were lysed and homogenized in sucrose buffer (250 mM sucrose͞5 mM Hepes͞ 0.5 mM EDTA, pH 7.5). Sixty micrograms of total protein (BCA assay, Pierce) was subjected to SDS͞PAGE (10%) and transferred to a nitrocellulose membrane (Amersham Pharmacia). Protein detection was carried out with antibodies against total (Santa Cruz Biotechnology) and unphosphorylated ␤-catenin (Alexis), E-cadherin (Transduction Laboratories, Lexington, MA), total PKC (Santa Cruz Biotechnology), unphosphorylated PKC (Cell Signaling Technology), actin (Chemicon), horseradish peroxidase-coupled secondary antibodies (Santa Cruz Bio-technology), and the enhanced chemiluminescence detection system (Amersham Pharmacia).
For immunocytochemistry, cells were grown on 12-mm coverslips. Fixation (3.7% paraformaldehyde) and permeabilization (Triton X-100, 0.2%) was followed by incubation with the primary antibody (total ␤-catenin, 1:200; Wnt-5a, 1:100; R & D Systems) and the FITC͞TRITC-coupled secondary antibodies (BD Biosciences). Control experiments to confirm the specificity of the antibody reaction were performed with Wnt 5a-overexpressing NIH 3T3 cells and the vector-containing LacZ-control cells (Figs. 15 and 16, which are published as supporting information on the PNAS web site), as well as by saturation of the primary antibody via addition of rWnt 5a.
Paraffin-embedded tissue sections were dewaxed, rehydrated, and boiled in Dako target retrieval buffer, pH 9 (DakoCytomation, Hamburg, Germany). The CD68 antibody KP-1(Dako; 1:250) and the above-mentioned antibodies were applied under the same conditions. For light microscopy, the Dako EnVisionϩ System horseradish peroxidase kit was used for signal detection.
